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Phospholipase CGene targeting is widely used for the precise manipulation of genes. However, in the model organism
Caenorhabditis elegans non-transposon mediated gene targeting remains laborious, and as a result has not
been widely used. One obstacle to the wider use of this approach is the difﬁculty of identifying homologous
recombination events amongst non-speciﬁc events. To improve gene targeting in C. elegans, we used a
counter-selection approach to reduce the number of false positives; this involved using unc-119 as a
positive-selection marker and GFP as a counter-selection marker which is lost during homologous
recombination. This method of gene targeting allows straightforward screening for homologous events using
a dissecting microscope equipped for ﬂuorescence. In addition, to improve the ﬁnal engineered product, we
utilised Flp recombinase to remove the unc-119 selection marker, in somatic cells, producing clean
knockouts in these cells. Using this strategy we have produced a knockout of the plc-4 gene, which encodes
phospholipase C-δ in C. elegans, and demonstrated that conditional gene knockout is feasible in C. elegans.
© 2009 Elsevier Inc. All rights reserved.Introduction
Gene targeting by means of homologous recombination is a
powerful tool that in many model organisms is used extensively to
study gene function. Homologous recombination relies on the ability
of the cells to repair double stranded DNA breaks. Gene targeting
exploits this ability to allow the replacement of an endogenous target
with an exogenous construct which contains sequences homologous
to the target (see Figs. 1 and 2). This strategy permits both gene
deletion (knockout) and gene replacement (knock-in), thus enabling
controlled gene modiﬁcation. Gene targeting is an important
complement to forward genetic approaches. It allows the mutation
of any gene regardless of whether a phenotypic screen is available,
and it avoids the production of multiple genetic lesions associated
with random mutagenesis. It also enables speciﬁc genetic changes
with predictable functional consequences to be produced. Further-
more, it complements the use of other reverse genetic methods such
as RNAi, as it enables the production of stable and predictable genetic
alterations.
Homologous recombination has been used for many years to
manipulate genes in a wide range of organisms including Escheri-
chia coli [1], yeast [2] and mice [3,4]. However, some of the classic
invertebrate genetic systems such as Caenorhabditis elegans and
Drosophila have, until recently, been refractory to this approach.uez-Manrique).
and Pathology, Psychiatry and
75014 Paris, France.
ll rights reserved.Methods for gene alteration by homologous recombination in both
Drosophila [5] and C. elegans [6,7] have now been developed. In
the case of C. elegans, although examples of homologous recombi-
nation had been described previously [8,9], systematic methods for
gene disruption by homologous recombination have only been
implemented more recently [6,7,10,11]. The use of gene conversion
to engineer the replacement of endogenous sequences has also been
exploited in C. elegans [9–12].
The most commonmethod of introducing DNA into C. elegans is by
injection into the syncytial gonads. In these experiments the
transgenic DNA is usually assembled into extrachromosomal arrays,
some of which are heritable, rather than being inserted into the
genome [13–16]. Broverman and colleagues demonstrated that by
injecting a construct carrying the vit-2 gene directly into oocyte nuclei
they could obtain a much higher frequency of DNA integration [8].
Sixty-three integrated lines were obtained using this approach of
which two were the result of homologous recombination into the vit-
2 locus. Thus the proportion of homologous recombination events
amongst the genomic insertions was 3%. This proportion is similar to
that observed in gene targeting experiments in mammals. However,
injecting DNA into the nuclei of C. elegans oocytes is difﬁcult and
laborious.
In 2004 Berezikov and coworkers established a more readily
applied method for the production of transformed lines by homolo-
gous recombination [6], by taking advantage of particle bombardment
[17,18]. This method has two advantages for the introduction of DNA
into C. elegans. First, has been reported to give rise to a much higher
proportion of single or low-copy number integration events than
injection, and secondly, it can be scaled to create large numbers of
Fig. 1. Design and production of the targeting construct pRV4. pRV2 is a generic gene targeting vector which a carries a positive-selection marker, unc-119p::unc-119, and a counter-
selection marker,myo-2p::GFP. It also contains a single FRT site (diagonal striped box) adjacent to the unc-119p::unc-119 cassette. pRV2 can be used to produce constructs to knock
out any gene, by inserting homologous sequences at both ends of the unc-119p::unc-119 marker (see Materials and methods for details). To produce a vector to target plc-4, we
placed a “short” 2.2 kb arm and a “long” 5 kb arm (grey boxes), both homologous to sequences around the plc-4 gene, so that they ﬂanked the unc-119p::unc-119 cassette. The
second FRT site was include in RV937, one of the primers used to amplify the short arm. The diagram of the plc-4 locus is a modiﬁcation of the structure described in Wormbase
(www.wormbase.org, release WS194). The positions of the primers used to amplify the homology arms, and to screen for positive clones, are shown.
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selection strategy. Praitis et al. established the use of the unc-119 gene
as a selection system [17]. Worms carrying unc-119 mutations have
uncoordinated locomotion and die due to starvation. Praitis et al.
bombarded unc-119 worms with constructs containing the DNA of
interest and a wild-type copy of the unc-119 gene. The wild-type unc-
119 gene is able to rescue the unc-119 phenotype and thus serve as a
selection marker. Using this method it was possible to obtain
populations in which 10–30% of transformed animals contained
single or low-copy integrated arrays. As noted above, 3% of integrated
transgenes may result from homologous recombination [8]. Berezikov
and colleagues utilised these observations and scaled up this
approach to allow the production of mutants by homologous
recombination [6]. However, only a few mutants have been produced
using this approach [6,7]. These mutants have been obtained in genes
with readily observed phenotypes, such as uncoordinated locomotion
(Unc), making the identiﬁcation of the desired mutant relatively
straightforward, despite it resulting from a rare homologous
recombination event. Thus, in these cases, there was no need to
perform PCR screens to ﬁnd the appropriate molecular lesion. In this
paper we describe an approach designed to make this strategy more
readily applicable to a wider range of genes.
In addition to improving the procedures for gene targeting in
C. elegans it would also be desirable to be able to remove selection
cassettes from integrants. The Flp recombinase, of the 2-μm plasmid
of Saccharomyces cerevisiae, is able to catalyse the recombination of a
DNA fragment ﬂanked by two 34-bp recognition sites (Flp
recombinase target or FRT sites) without the addition of any other
cofactors [19]. In principle this makes it feasible to induce
recombination in vitro or in vivo in any organism. Depending onthe orientation of the FRT sites Flp-mediated recombination can
result in different outcomes. DNA ﬂanked by FRTs orientated in the
same direction will be excised on FLP-mediated recombination,
whereas DNA ﬂanked by inverted FRT sites will be inverted. Flp-
mediated recombination has been widely used to manipulate
genomes in prokaryotes (reviewed by Schweizer [20]) and in
eukaryotic organisms such as insects and mammals [21,22]. This
technology has had a substantial impact in mice as it conditional
spatial and temporal modiﬁcation of gene expression. This allows the
investigation of the post-embryonic role of lethal genes [21,23]. After
knocking out a gene by replacement of the endogenous sequence
with an exogenous sequence containing FRTs, further manipulation
of the loci can be achieved. Flp-mediated recombination has not
been extensively exploited in C. elegans. The ﬁrst examples of the
application of this technique in C. elegans were published recently.
Both groups describe the application of FLP-mediated recombination
to the control of gene expression from extrachromosomal arrays
[24,25].
The aim of this work was to improve the utility of gene targeting in
C. elegans. To improve gene targeting itself we used a visual counter-
selection marker (GFP) to identify potential homologous events,
which is routinely used in the production of knockout mice. Using this
strategy we obtained a knockout of the C. elegans phospholipase C-δ,
plc-4 gene. We also combined gene targeting and Flp recombinase
technology to create clean knockouts of plc-4 in somatic cells. By
inducing the expression of the Flp recombinase in different tissues, we
show that Flp recombinase is able to produce recombination between
FRT sequences within a chromosomal locus in somatic cells and thus
remove the selection marker and produce clean knockouts in these
cells.
Fig. 2. Production and isolation of a plc-4 knockout by homologous recombination. (A) Diagram of the genomic plc-4 locus and the pRV4 construct used to produce the targeted plc-4
(jw1) allele. The process of replacement of the plc-4 ORF by the unc-119p::unc-119 marker through homologous recombination is indicated by grey dotted lines. The diagram also
shows the excision of the unc-119p::unc-119 selection marker using Flp recombinase to yield the targeted locus containing an FRT sequence, and a circular fragment of DNAwith the
marker. (B) Isolation of targeted worms. After bombardment with pRV4, the unc-119-rescued worms were isolated (230 strains). These worms were observed under a dissecting
microscope equipped with UV light and non-ﬂuorescent worms were isolated (28 strains). These strains were tested for recombination by PCR using a forward primer within the
unc-119p::unc-119marker (JL1000; see A) and a reverse primer outside the 2.2 kb homology arm (RV1013; see A).We found one positive, plc-4(jw1), amongst the 28 strains. (C) Gel
showing the PCR product obtained by JL1000 and RV1013 in jw1. In wild-type worms this PCR does not yield a product. The PCR product obtained with RV937 and RV1013 is a
positive control.
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Strategy and vector for gene targeting using a visible
counter-selection marker
In order to create an improved gene targeting approach for
C. elegans, we set out to facilitate the selection of homologous
integration resulting from the introduction of DNA into C. elegans. To
achieve this, we used a combined positive-selection and counter-
selection strategy. Our counter-selection strategy uses a visual marker
to distinguish transgenes which result from homologous integration
events from those which result from non-homologous integration
events or the formation of extrachromosomal arrays. To test this
strategy we targeted the plc-4 gene of C. elegans. We used an ends-out
gene targeting strategy to generate a mutant in which the whole
coding region of plc-4 was removed.
First we produced a generic gene targeting vector, pRV2, derived
from pGEM-5Z (Promega). pRV2 contains two selection markers,
unc-119p::unc-119 and myo-2p::GFP, and sites for the introduction of
homology arms from the target gene (Fig. 1). The unc-119p::unc-119
marker was used to select transgenic worms through the rescue ofunc-119 mutations [6]. unc-119(ed3) worms have uncoordinated
movement (Unc). In addition, unc-119(ed3) animals die due to
starvation when left on plates for extended periods (14–21 days) as,
unlike wild-type worms, they are unable to form the stress resistant,
dauer larval stage and thus survive starvation. The unc-119p::unc-119
selection marker is placed between the homology arms for the
target DNA and is thus retained in homologous integration events;
however, it will also be retained in other classes of transgenics. In
order to minimize the length of the transforming construct, we
used an unc-119 “minigene” [26]. Reducing the size of the generic
components in the targeting plasmid facilitates the insertion of
longer homology arms, which may in turn increase the probability
of homologous recombination. The unc-119 minigene contains the
unc-119 cDNA under the control of a minimal unc-119 promoter
(unc-119p::unc-119). This 2.2 kb DNA fragment partially rescues
unc-119(ed3) worms and is adequate for use as a selection marker.
We also included a counter-selection marker. In previous work
using biolistic transformation for gene targeting, the yield of
homologous integrants detected was low; 0.4% and 1% of the total
number of transformed lines [6,7]. However, this was of little issue as
the genes disrupted in these experiments were expected to give clear
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embryos, with characteristic phenotypes, in each case) thus allowing
easy identiﬁcation of the knockout strains. To make the technique
more readily applicable to genes of unknown function, which may
not have an obvious phenotype, we sought to reduce the number of
false positives by introducing a counter-selection marker. This
marker is placed outside of the homology arms (Fig. 1) so that it
should be lost following homologous recombination events but is
likely to be retained in non-homologous integration events and in
extrachromosomal arrays. We used a cassette containing GFP under
the control of the myo-2 promoter, myo-2p::GFP (Fig. 1). myo-2p::
GFP is highly expressed in the pharynx of worms [27] and is easily
visible under a dissecting microscope equipped for ﬂuorescence
detection.
To create a plc-4 speciﬁc gene targeting vector, we modiﬁed pRV2
to produce pRV4 by introducing sequences homologous to the
genomic region containing the plc-4 gene (see Fig. 1). We placed
genomic sequences from upstream of the start codon (2.2 kb) and
downstream of the stop codon (5 kb) so that they ﬂanked the
unc-119p::unc-119 positive-selection cassette (Fig. 1). Homologous
recombination of both arms of the construct with the endogenous
plc-4 locus should produce animals in which the unc-119p::unc-119
cassette replaces the plc-4 coding sequence and in which the
myo-2p::GFP is not incorporated, i.e., unc-119-rescued, non-GFP
worms (Fig. 2A and B). In contrast, non-homologous integrants and
extrachromosomal arrays are likely to retain the GFP cassette and
therefore be ﬂuorescent.
In addition, we placed FRT sequences, orientated in the same
direction, at the ends of the unc-119p::unc-119 cassette (Figs. 1
and 2A). Flp-mediated recombination would, therefore, remove the
unc-119p::unc-119 cassette thus producing a clean knockout (Fig. 2A).
Scaling up worm culture
The strategy for the isolation of the plc-4 knockout is described in
Fig. 2B. The construct was introduced into the worms by biolistic
transformation [18,28], using a modiﬁed version of the method of
Berezikov and colleagues [6]. As homologous recombination events
occur with low frequency, large number of transgenic worms must be
produced which, in turn, requires that gene targeting constructs must
be bombarded many times. In order to achieve this it is necessary to
grow large numbers of near-synchronised unc-119(ed3) worms [6].
To do this we used “egg” plates which use chicken eggs as a rich
nutrient source, on which to grow very dense E. coli cultures and thus
sustain high densities of worms. We used a modiﬁed egg plate
protocol (Ishidate and Mello, personal communication, see Materials
andmethods) which, in our hands, reduced both the contamination of
plates and preparation time compared to a previously published
method [6]. The worm yield per square centimetre of culture was
similar to those obtained by Berezikov and coworkers (approximately
1100 worms per cm2). We used ﬁve 9 cm diameter egg plates, about
∼350,000 unc-119(ed3) worms, per bombardment.
Isolation and analysis of a plc-4 targeted allele
We performed 50 bombardments to bombard ∼18 million worms
with the linearised plc-4 targeting plasmid, pRV4, and obtained 230
independent stable transgenic strains (Fig. 2B). These strains may
contain the transgenic DNA either inserted into a chromosome or as a
stable extrachromosomal array. To isolate potential homologous
events, we tested the worms for GFP expression under a dissecting
microscope. We isolated 28 strains that were not obviously ﬂuores-
cent (Fig. 2B). Then we performed PCR reactions on crude genomic
DNA preparation of these worms to identify the required mutant. We
used a forward primer (JL1000) within the unc-119p::unc-119
cassette, and a reverse primer (RV1013) outside of the shorthomologous arm (Fig. 2A). These primers would produce a PCR
product only if a homologous recombination event had occurred
between this arm and the 5′ region of plc-4. Among the 28 non-GFP
strains, only lysates from one strain produced a PCR product. We
called this allele plc-4(jw1) (Fig. 2B and C). To conﬁrm that the
integration event resulted from a double homologous recombination
event, we performed PCR, using a similar strategy to that above, on the
long arm (using primers RV1075 and RV1076, Fig. 2), which
produced the expected 5.2 kb band (data not shown). Thus, it is
likely that plc-4(jw1) is a knockout of plc-4 with the predicted
structure shown in Fig. 2A. We out-crossed this strain to N2, to
remove the unc-119(ed3) background, before further characterisa-
tion of the plc-4(jw1) allele. To further verify that this strain was a
plc-4 knockout of the expected structure, we performed several
PCR reactions using marker-speciﬁc and plc-4-speciﬁc primers,
together with a set of primers for the common genomic regions
ﬂanking both the targeted and the wild-type alleles (Fig. 3A). These
PCR reactions allowed us to demonstrate that the targeted allele was
in homozygosis, and also that the strain containing this allele lacks
the whole coding region of plc-4 (Fig. 3A; see ﬁgure legend for
explanation) and has the expected structure. We also sequenced the
regions ﬂanking the unc-119 cassette to conﬁrm that the sequence
was as expected. Furthermore, we performed a Southern blot using
genomic DNA from plc-4(jw1) and wild-type worms. As a probe to
detect the plc-4 ORF we produced a fragment of DNA containing the
whole plc-4 coding region (Fig. 3C). As expected we observed no
bands in the plc-4(jw1) DNA, thus conﬁrming that jw1 lacks the
whole coding region of the plc-4.
We investigated the development, morphology and behaviour of
the out-crossed plc-4(jw1) worms. These worms did not show any
obvious phenotype, although a mild pharyngeal pumping phenotype
was observed (Bales and Baylis, unpublished). Subsequent analysis of
another plc-4 allele, tm1521, supports these data (data not shown).
Flp recombinase is able to activate gene expression through site-speciﬁc
recombination in an extrachromosomal array
The application of Flp-mediated recombination in C. eleganswould
be a useful adjunct to available techniques. To establish whether Flp
recombinase was able to mediate recombination in C. eleganswe ﬁrst
tested its ability to recombine sequences in an extrachromosomal
array, the most common transgenic situation in C. elegans research.
Flp recombinases can excise DNA ﬂanked by FRTs if they are directly
orientated. In contrast, if the DNA sequence of interest is between two
inverted FRT sites it will be inverted. We sought to take advantage of
this latter situation to regulate gene expression through induction of
Flp recombinase activity. We produced transgenic worms carrying
extrachromosomal arrays containing (a) constructs driving the
expression of the Flp recombinase and (b) a substrate for the enzyme
in which recombination would result in GFP expression. To express
the Flp recombinase, we placed it under the control of the heat shock
promoters hsp16-2 and hsp16-41 (hsp16-2p::Flp and hsp16-41p::Flp).
To test its ability tomediate recombination, wemade use of constructs
in which the GFP coding region is fused to the plc-4 gene (Fig. 4A). In
the initial construct, pRV100, GFP is inserted into the plc-4 gene, in
frame, so that a PLC-4::GFP fusion protein is produced from the plc-4
promoter. When introduced into worms as an extrachromosomal
transgene, pRV100 results in strong ﬂuorescence in several tissues of
the worm including the pharynx, hypodermis, some neurons and the
excretory cell (Fig. 4B). As a substrate to test the activity of Flp
recombinase wemodiﬁed pRV100 so that the plc-4 promoter, the ﬁrst
exon of plc-4 and two exons of GFP are inverted with respect to the
remainder of the GFP gene (Fig. 4A). These inverted sequences are
ﬂanked by inverted FRT sequences. This is called pRV101 (Fig. 4A).
In contrast to pRV100, pRV101 (jwEx706[pRV101; pRF4]) does not
give GFP expression (data not shown). However, if Flp recombinase is
Fig. 3. Characterisation of the jw1 allele. (A) Diagram showing the mutant and wild-
type alleles of plc-4, and the fragments of DNA ampliﬁed by PCR to characterise the
locus (black bars). Primer sequences are given in Table S2. The relevant primers are as
follows: product 1: primers JL1000 and RV760; product 2: primers NG594 and RV760;
product 3: primers RV947 and JL778; product 4: primers RV947 andHAB393; product 5:
primers RV947 and RV760; product 6: primers RV947 and RV760. The diagram is
approximately to scale. (B) PCR products from mutant and wild-type worms showing
that plc-4(jw1) lacks the whole plc-4 ORF and contains the unc-119p::unc-119 marker.
(C) Gel and Southern blot of mutant and wild-type genomic DNA digested with HinDIII
probed with the whole coding sequence of plc-4. The white arrows indicate the two
bands expected inwild-type genomic DNA. The diagramof the plc-4 locus, at the bottom
of the ﬁgure, shows the region covered by the probe (black bar), and the primers used to
produce it, NG587 and NG586. Black boxes show the entire coding region of plc-4,
including introns, and white boxes show ﬂanking DNA. plc-4(jw1) worms do not
contain any plc-4 coding sequence. The ladder is labelled with digoxigenin (Roche).
41R.P. Vázquez-Manrique et al. / Genomics 95 (2010) 37–46able to produce recombination between the FRT sites, it should be
able to restore the structure of the plc-4::GFP gene fusion in pRV101
resulting in GFP expression from the plc-4 promoter in these
animals (Fig. 4A). We introduced the hsp16-2p::Flp and hsp16-41p::
Flp constructs together into worms carrying extrachromosomal arrays
of pRV101.We thenheat shocked animals containing the two arrays, at
33 °C for 2 h, and then incubated theworms at 25 °C overnight to allowthe Flp recombinase to act. The following day we observed the worms
under a ﬂuorescence dissecting microscope and observed that 96%
(n=50) of the worms (Fig. 4D) showed green ﬂuorescence in the
same tissues as pRV100 (Fig. 4E). This experiment shows that Flp
recombinase is active in different tissues of C. elegans under these
conditions, and gene expression can be precisely manipulated by
means of this enzyme.
Excision of the selection marker in plc-4(jw1) by the Flp recombinase
We next tested whether Flp recombinase could be used to
manipulate DNA introduced by gene targeting. We sought to
investigate if we could manipulate the plc-4(jw1) allele, produced
above. The DNA used to replace the plc-4 coding sequence contains
FRT sequences ﬂanking the unc-119p::unc-119 marker. These FRT
sequences are directly orientated and therefore Flp recombinase
should mediate excision and loss of unc-119p::unc-119 marker
cassette. In an unc-119(ed3) background this should result in
uncoordinated animals. Thus we introduced the hsp16-2p::Flp and
hsp16-41p::Flp constructs together into the unc-119(ed3);plc-4(jw1)
strain by microinjection. We heat shocked unc-119(ed3);plc-4(jw1);
hsp16-2p::Flp;hsp16-41p::Flp adults with embryos at 33 °C for 2 h, and
then incubated them at 25 °C until the embryos developed to
adulthood. Some of these worms showed an Unc phenotype,
suggesting that unc-119p::unc-119 was lost in these animals. We
then analysed these worms by PCR using primers ﬂanking unc-119p::
unc-119. If the marker was present we would obtain a 2.8 kb product,
whereas if it was lost we would obtain an 842 bp band (Fig. 5A). The
single-worm PCR from all these uncoordinated animals produced a
∼0.8 kb band (Fig. 5B). We cloned this small band and sequenced it,
showing that the PCR product contains the DNA ﬂanking unc-119p::
unc-119, part of the multiple cloning site from the vector and a single
FRT site, as expected. Thus Flp recombinase can be used to remove
sequences from genomic insertions.
The heat shock-inducible promoters, hsp16-2 and hsp16-41, used
to induce the loss of the unc-119p::unc-119 cassette produce
widespread expression of Flp recombinase. Their use offers a degree
of temporal control of expression but limited spatial speciﬁcity. We
sought to investigate the possibility of producing tissue-speciﬁc
removal of the unc-119p::unc-119 cassette. For this purpose, we
produced constructs in which the Flp recombinase was placed under
the control of tissue-speciﬁc promoters. To conﬁrm that the Flp
recombinase was properly expressed, wemade use of the existence of
operons in the C. elegans genome. Genes within operons are
transcribed as a single pre-mRNA which is subsequently processed
into monocistronic mRNAs. We placed GFP gene downstream of the
Flp gene separated from it by a so called “outron,” a region from
between two genes in an endogenous operon. We refer to the outron-
GFP cassette used in these constructs as “biGFP.” In these bicistronic
constructs both Flp recombinase and GFP mRNAs are produced from
the same promoter so that GFP reports expression from the promoter,
but is not fused to Flp recombinase, thus allowing normal enzyme
activity. unc-119p::Flp::biGFP should express Flp recombinase in the
nervous system [26], where the UNC-119 product is required.
myo-3p::Flp::biGFP was used as a negative control; it should produce
expression in body wall muscles [27] and should not induce Unc
phenotypes in the animals because unc-119 is not thought to be
required in muscles. Both constructs were expressed in the correct
tissues (Fig. 5C). We incubated the worms carrying either array at
25 °C from the embryo stage to adulthood and then assessed the level
of uncoordination using thrashing assays for locomotion. Despite an
apparent tendency for the worms carrying the unc-119p::Flp::biGFP
construct to be uncoordinated a high level of variability in the
phenotype in both the samples and controls made it impossible to
differentiate, statistically between the two populations. The most
likely reason for this is that the untreated unc-119(ed3);plc-4(jw1)
Fig. 4. Induction of gene expression using Flp recombinase. (A) Diagram showing the production of constructs to test Flp-mediated recombination in extrachromosomal arrays.
pRV100 is a construct containing the whole plc-4 coding region together with the putative plc-4 promoter fused in frame with GFP. From this construct we produced pRV101, in
which the plc-4 promoter and two exons of GFP are inverted and ﬂanked by inverted FRT sequences. Induction of Flp recombinase should reverse the orientation of the promoter and
GFP exons thus producing a functional plc-4::GFP fusion very similar to that in pRV100. Blue arrows represent the plc-4 promoter. Green boxes represent exons of GFP, and orange
boxes are exons of plc-4. Yellow bars represent the PCR products obtained using primers RV1289-RV1288 and RV1291-NG596, which were used to produce pRV101. Blue triangles
indicate the position and orientation of FRT sequences. (B, i and ii) Worms carrying the plc-4::GFP fusion construct pRV100 (jwEx707[pRV100;pRF4]) show a characteristic
expression pattern. (B, i) Expression in the hypodermis (including cells of the vulva; white arrow) and neurons (red arrow) is shown. (B, ii) Head of these worms with GFP
expression in pharynx (blue arrow) and hypodermis (green arrow) amongst other tissues. (C, i and ii) Animals carrying the pRV101 construct (jwEx705[hsp-16.2p::Flp; hsp-16.41p::
Flp; pRV101; pRF4]) do not express GFP before heat shock. (C, i) Fluorescent image. (C, ii) Transmitted light image. Normal autoﬂuorescence from the gut granules in the intestine is
indicated. (D) Table showing the proportion of worms expressing GFP in control and heat shocked jwEx705[hsp-16.2p::Flp; hsp-16.41p::Flp; pRV101; pRF4] worms. (E, i–iii) Worms
carrying RV101 after the induction of Flp recombinase by heat shock. Fluorescent image of heat shocked jwEx705[hsp-16.2p::Flp; hsp-16.41p::Flp; pRV101; pRF4] worms. These
worms show green ﬂuorescence 24 h after the heat shock. They show a characteristic plc-4 expression pattern. (E, i) and (E, ii) are comparable to (B, i) and (B, ii). Expression is seen
in the hypodermis (including cells of the vulva; white arrow), neurons (red arrow), pharynx (blue arrow) and head hypodermis (green arrow). (E, iii) A lower magniﬁcation image
showing widespread expression of GFP.
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plete rescue of the unc-119(ed3) phenotype by the unc-119p::unc-119
minigene used in the construct (data not shown). However, we
investigated if the Flp recombinase was removing the unc-119p::
unc-119 marker. To do so, we performed PCR on the treated worms
to amplify the region of unc-119p::unc-119. We observed that both
promoters had successfully driven Flp-mediated excision as shown
by the presence of the ∼0.8 kb band in PCR reactions from these
worms (Fig. 5D), suggesting that tissue-speciﬁc Flp recombination
should be feasible in C. elegans.
Discussion
C. elegans is a genetically tractable organism which is widely used
to investigate important questions in biology. The manipulation of
genes and their expression is a fundamental part of this research
programme; however, approaches for the targeted manipulation ofendogenous genes remain at early stages of development. Recently,
new methods of controlled gene manipulation have been developed,
such as gene targeting by homologous recombination [6,7] and gene
conversion [9–12]. Both techniques are very powerful since they
allow the replacement of a speciﬁc sequence of endogenous DNAwith
exogenous DNA, making possible both gene knockout and gene
knock-in approaches. However, gene conversion requires an appro-
priate transposon insertion near to the target [9–11], or the complex
design of target speciﬁc zinc-nucleases [12]. In this regard, gene
targeting by homologous recombination has the advantage that all
loci are potential targets. However to date, only three loci have been
targeted by homologous recombination in C. elegans using biolistic
transformation: unc-22 and unc-54 [6], and zhp-3 [7]. All three of
which gave readily observed phenotypes thus simplifying the
selection of modiﬁed genomes. To facilitate the use of this approach
on genes for which the phenotype is unknown or requires less facile
analysis, we have used a counter-selection strategy. We used two
Fig. 5. Flp recombinase can induce recombination within a chromosomal locus. (A) Diagram showing the plc-4 locus in plc-4(jw1) and the predicted action of Flp recombinase after
induction of the enzyme. The positions of primers used to assess recombination events are shown. (B) Gel showing PCR products from genomic DNA obtained from plc-4(jw1)
worms after the action of the Flp recombinase. Flp recombinase expression was induced by heat shock. PCR primers are shown in (A). Lanes 1–3, products obtained in plc-4(jw1)
worms treated with the Flp recombinase. Lane 4, products obtained from a wild-type animal. Lane 5, products obtained from a non-induced plc-4(jw1)worm. Lane M, markers, 1 kb
ladder (Invitrogen). (C) Images showing the expression of the bicistronic GFP from the unc-119 and myo-3 promoters. (D) Gel showing the PCR products from plc-4(jw1) worms
treated with the Flp recombinase expressed from tissue-speciﬁc promoters. Lane 1, wild-type control. Lanes 2–4, worms expressing Flp recombinase from the unc-119 promoter.
Lanes 5–7, worms expressing Flp recombinase from the myo-3 promoter. Lane M, markers, 1 kb ladder (Invitrogen).
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marker we used a smaller version of the unc-119 gene [6,7], which
reduces the size of the construct by 2.4 kb. This reduction allows the
use of longer homology arms, which may improve gene targeting.
Using this selection marker, we obtained 230 stable transgenic strains
from 50 biolistic transformations: a yield of 4.6 strains per shot. This is
comparable to frequencies obtained before by Berezikov and
colleagues (4.0 and 9.3 strains per shot) [6], and by Jantsch and
colleagues (4.6 strains per shot) [7]. Thus the fact that this marker
only gives partial rescue of the unc-119(ed3) animals does not seem
to unduly inﬂuence the ability to detect transformants. Presumably,
although the partial rescue of these animals means that the animals
are still partially uncoordinated it is adequate to allow them to enter
the dauer state and thus survive starvation. We also introduced a
marker, myo-2p::GFP, which allows counter-selection. This bypasses
the bottleneck of large molecular screens when gene targeting does
not produce a readily observed phenotype. In our case, after isolating
the transgenic worms, only a few hours of observation under a
ﬂuorescence dissecting microscope (a common piece of equipment in
C. elegans laboratories) were required to establish the ﬁrst set of
candidates. There were 28 of these candidate strains among 230 of
total transgenic lines. Thus, the use of myo-2p::GFP reduced the
amount of strains to be further screened by 78% (Fig. 2B). As we
isolated just plc-4(jw1), among 230 strains the rate of homologous
targeting events of these experiments is 0.43%, which is in the range of
success described before, 0.75% and 0.38% [6], and 1% [7]. Thus, the use
of the GFP marker is a useful and easily applied improvement. Other
markers may be used in a similar way. We also tested a widely used
C. elegans marker, rol-6(su1006), which gives dominant roller
phenotype but found that this phenotype was too variable to be
used efﬁciently (unpublished data).
Our approach offers an important improvement to the gene
targeting protocol for C. elegans; however, the technique is still labourintensive due to the high number of worms and bombardments
required. An improved transformation technique or higher homolo-
gous recombination frequency would greatly facilitate gene targeting
in C. elegans. The method that we describe in this work is readily
achieved and will be useful where a speciﬁc genetic modiﬁcation is
required.
We have shown that Flp recombinase is able to mediate FRT-
speciﬁc recombination within extrachromosomal arrays, and that this
can be used to induce gene expression in C. elegans. The use of Flp
recombinase to induce gene expression in C. elegans, using slightly
different approaches, has recently been shown by other groups
[24,25]. In addition, we have shown that the targeted allele, plc-4
(jw1), which contains FRT sequences, may be further manipulated
using Flp recombinase. Despite the fact that we have been able to
produce Flp recombinase-mediated excision of the selection marker
in somatic cells, we have been unable to do so in the germline
(unpublished data). The use of Flp-mediated recombination tomodify
a chromosomal locus in somatic cells is signiﬁcant for two reasons.
First, it allows the production of clean knockouts by removal of the
selection marker, in these cells. Second, the use of FRT recombination
may allow conditional knockouts. In mice the use of such an approach
makes it possible to study the function of lethal genes, since it allows
temporal- and spatial-speciﬁc depletion of genes (reviewed by Branda
and Dymecki [21]). In C. elegans a range of strategies has been used to
achieve temporal and spatial depletion of genes [29–37]. Using the Flp
recombinase technology, we have shown that unc-119p::unc-119
ﬂanked by direct-orientated FRT sequences, contained in the plc-4
(jw1) allele, can be removed using heat shock-inducible promoters
and tissue-speciﬁc promoters. This approach may be used to create
modiﬁed versions of endogenous genes with conditional expression.
Such an approach does not necessarily rely on the production of
homologous integrants. Low copy number gene insertions introduced
into null backgrounds might prove very useful and can be readily
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techniques available for conditional gene depletion in C. elegans.
Materials and methods
Worm strains and maintenance
Worms were maintained using standard techniques [38]. Strains
used in this work are listed in Table S1. All strains were maintained at
20 °C, unless otherwise stated.
Oligonucleotide primers
The sequences of all primers referred to in this work are given in
Table S2. All primers were obtained from Invitrogen (Paisley, UK).
Construction of plasmids and production of transgenic worms
The generic gene targeting vector, pRV2, wasmade using pGEM-5Z
(Promega) as a backbone. First,myo-2p::GFP was cut from pPD118.33
(a gift of A Fire) using HindIII. This fragment was blunt ended, using
Pfu DNA polymerase, and cloned into the NcoI site of pGEM-5Z which
had been blunt ended (using Pfu polymerase) and dephosphorylated.
Clones were isolated in which a SacII site at one end of the myo-2p::
GFP insert was adjacent to the NotI site in pGEM-5Z. Next, we inserted
the minimal unc-119 rescuing cassette, unc-119p::unc-119, which
contains part of the unc-119 promoter and the unc-119 cDNA [26].
The unc-119 fragment was ampliﬁed by PCR from pDP#MM051 using
RV924 and a T7 promoter primer and cloned into pGEM-T (Promega).
RV924 contains an FRT sequence. The unc-119 fragment was then
excised from pGEM-T with NotI and SacII and cloned into the same
sites in pGEM-5Z::myo-2p::GFP to create pRV2 (Fig. 1).
The plc-4 speciﬁc gene targeting vector pRV4 was created by
inserting ﬂanking DNA from the plc-4 genomic region into pRV2
(Fig. 1). DNA (5 kb) from downstream of plc-4 was ampliﬁed using
primers RV976 and RV977 and cloned into the NotI and PspOMI sites
of pRV2 (Fig. 1). Using PspOMI at the end of the long arm proximal to
the unc-119 cassette permits ligation of that end into the NotI site,
but concomitantly destroys the site, therefore allowing the vector to
be linearised by NotI in subsequent use. To isolate a plasmid with this
fragment in the right orientation, we screened clones using primers
RV947 and JL778 (Fig. 1). Then the short arm, 2 kb from upstream of
plc-4, was ampliﬁed using primers RV937 and RV929, and cloned into
the SacII site in pRV2 (Fig. 1). We added the second FRT ﬂanking the
unc-119 cassette, by placing it in the forward primer, RV937, of this
2 kb fragment (see Fig. 1). We isolated clones containing the 2 kb arm
in the correct orientation, by means of PCR using primers JL1000 and
RV760 (Fig. 1). Therefore, to use pRV2 to construct other targeting
vectors it is convenient to introduce NotI and PspOMI into the ends of
one homology arm and SacII sites into the ends of the other homology
arm.
For use in bombardments, pRV4 was prepared using a QIAprep
Miniprep Kit, linearised with NotI and puriﬁed using a Qiaquick PCR
Puriﬁcation kit.
pRV100 was produced by inserting two genomic fragments from
plc-4 into pHAB200 [39] a derivative of plasmid pPD117.01.
pPD117.01 is one of a series of plasmids created in the laboratory of
A. Fire and contains a GFP genewhich has been engineered to improve
expression in C elegans by the insertion of artiﬁcial exons (A. Fire,
personal communication). First the promoter and two exons of plc-4
were ampliﬁed by PCR (using primers RV760 and NG594) and cloned
into the NotI and SacII sites of pHAB200, in frame with GFP. Then the
remainder of the plc-4 coding region and 2 kb downstream of the stop
codon was ampliﬁed (using primers NG595 and NG596) and cloned
into the NheI and Bsp120I sites in frame with the 3′ end of GFP.
pRV101 is a derivative of pRV100. To produce pRV101, we ﬁrstampliﬁed most of the coding region of plc-4 and two exons of GFP
from pRV100, using primers NG596 and RV1291 (Fig. 4A). This
fragment was cloned into pGEM-T (Promega) to give pRV10. RV1291
contains an FRT sequence (blue arrowheads in Fig. 4A), and a PspOMI
restriction site. Since pGEM-T also contains a PspOMI site, we isolated
a plasmid containing this insert in the appropriate orientation by PCR
screening using primers T7 and RV986. Then we ampliﬁed the
promoter, two exons of plc-4 and the two remaining exons of GFP
from pRV100, using primers RV1288 and RV1289; both of which
contain PspOMI sites. Note that this version of the GFP gene contains a
number of artiﬁcial introns (see above). Both PCR fragments are
represented in Fig. 4A by yellow bars. RV1288 contains an FRT
sequence (Fig. 4A). This PCR product was digested with PspOMI and
cloned into the PspOMI site of pRV10. Finally, we isolated the plasmid,
pRV101, by screening for the orientation of the insert shown in Fig. 4A
by means of PCR using primers RV1289 and T7.
C. elegans expression plasmids containing the Flp recombinase
under the control of heat shock promoters weremade by inserting the
Flp recombinase gene into plasmids containing two different heat
shock-inducible promoters: pPD49.78 (promoter hsp-16-2) and
pDP49.83 (promoter hsp-16-41) (both gifts of A. Fire) [40]. These
vectors were digested with EcoRV and KpnI, and then depho-
sphorylated. The Flp gene was obtained from a clone in pBluescript
(a gift from North). First, this clone was digested with NotI, and blunt
ended using Pfu DNA polymerase. This product was then digested
with KpnI to yield a KpnI-blunt end fragment carrying the Flp gene
which was ligated into the processed vectors. Both vectors were
introduced into the same transgenic line.
Constructs containing the Flp recombinase under the control of
myo-3 and unc-119 promoters were made using 2-way Gateway
technology (Invitrogen). Individual donor vectors containing the
unc-119 or myo-3 promoters (ampliﬁed using primers RV922-
RV2151 and RV2059-RV2156, respectively, and cloned in pDONRP1-
P5r) were produced. The Flp recombinase gene was fused by PCR to a
“bicistronic GFP” (biGFP) cassette [41]. First, the Flp gene was
ampliﬁed using primers RV2152 and RV2153. Then biGFP was
ampliﬁed from vector pEntr-gcy-36p::gcy-36::biGFP (a gift from
M. de Bono) [42], using primers RV2155 and RV2159. The resulting
products were fused by PCR using primers RV2152 and RV2159. This
PCR product was cloned into pDONRP5-P2. Donor clones were then
combined as appropriate into a “C. elegans” destination vector, pHP2
(a gift from H. Peterkin) [43].
Plasmids were introduced into worms with appropriate markers for
isolation of transgenic animals. pRV4 and the plasmids containing bici-
stronic GFP had intrinsic markers (unc-119p::unc-119 and GFP expres-
sion, respectively). The constructs containing the Flp recombinase under
the control of the heat shock promoterwere coinjectedwith pPD118.33
(A. Fire),whichexpressesGFP in thepharynxof theworms. In the case of
pRV100 and pRV101, we coinjected the plasmid together with pRF4,
which contains a dominant mutation of rol-6 (rol-6(su1006)) which
causes the animals to roll [41].
PCR analysis of crude C. elegans genomic DNA preparations
To isolate strains containing alleles produced by homologous
recombination we analysed the upstream region of plc-4 in non-
ﬂuorescent, unc-119-rescued worms. To do so, we prepared crude
genomic DNA from each strain by lysing 10–20 worms in 5–10 μl of
lysis buffer (50 mM KCl, 10 mM Tris–HCl (pH 8.3), 2.5 mM MgCl2,
0.45% NP-40 (v/v), 0.45% Tween-20 (v/v), 0.01% (v/v) gelatine and
freshly added 60 μg/ml proteinase K) in 0.2 ml PCR tubes. The tubes
were heated to 65 °C for 1 h and then 95 °C for 20 min. The lysate
(1 μl) was added to 24 μl of the PCR mix containing primers JL1000
and RV1013 (Fig. 2) and Taq polymerase (Roche). Cycling used the
following conditions: 94 °C for 2min, 56 °C for 30 s, 72 °C for 45 s and
35 cycles.
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Worms for particle bombardment were grown on egg plates. We
initially produced egg plates using chicken egg yolks alone as
described previously [6], but we found that these plates were prone
to contamination. We next prepared egg plates using whole chicken
eggs, as suggested by Ishidate and Mello (personal communication,
University of Massachusetts Medical School), and this resulted in
clean highly productive worm cultures. To produce these plates, we
mixed concentrated E. coli (OP50), egg solution and freshly prepared
embryos from unc-119(ed3) worms. To make the concentrated
suspension of E. coli we centrifuged an overnight culture of E. coli
OP50 and mixed the pellet with an equal volume of M9 (e.g., a
250 ml overnight culture of OP50 produced around 3 ml of
suspension with an OD600 of about 100). To prepare the egg solution,
eggs were blended with water that was close to boiling using a
sterilised homogeniser (this egg mix can be stored in sterile tubes at
−80 °C). We prepared embryos from unc-119(ed3) worms by
bleaching adults containing embryos, from several 90 mm NGM
plates and then diluting this suspension to give approximately 3000
embryos/ml. Finally, to prepare the egg plates, we mixed the E. coli,
embryo prep and egg solution in a ratio 0.9:0.1:9.0, and 1 ml of this
mix was then spread on each dry 90 mm NGM plate, by gently
shaking. Worms were grown for two generations to produce around
70,000 adults/plate.
To produce the plc-4 knockout, we transformed C. elegans by
microparticle bombardment using a modiﬁed version of the protocols
described in previous studies [6,17]. unc-119(ed3) worms were
bombarded using a BioRad Biolistic PDS-1000/HE, with hepta
adaptor. We used the following settings: 1/4″ gap distance, 4 mm
from the exits of the hepta adaptor to the macrocarriers, 14 mm from
macrocarriers to screen, 20 mm from the stopping screen to target
shelf, 28 in. of Hg vacuum and 1350 p.s.i. rupture discs. For each
bombardment, we used 7 mg of microcarrier gold beads (0.3–3 μm
gold particles (PurChem)) coated with 1–5 μg of DNA, per macro-
carrier. This was bombarded onto a layer of ∼350,000 adult
hermaphrodites. These worms were obtained by washing worms
from 5 egg plates, concentrating them by gravity in a 50 ml tube and
transferring the resulting pellet onto a very dry NGM plate. After
bombardment, worms were allowed to recover for about 30 min and
washed off the plate with M9. Then worms were transferred onto 20
regular NGM plates containing OP50, and incubated at 23 °C for 14–21
days. We typically performed 50 of such bombardments.
After 14–21 days, non-transformed unc-119(ed3) larvae starve, as
they are unable to enter the starvation resistant dauer state [26]. We
collected one dauer larvae, and/or “wild-type” rescued animal, i.e.,
putative transformants, from each plate, to be sure that each stable
line would be an independent transformation event, and placed it on a
regular NGM plate to observe the phenotype of its offspring.
Fluorescence was observed using a Leica MZ FLIII stereo ﬂuorescence
microscope.
Southern blot analysis
Southern blot analysis was performed using the DIG/CPSD system
(Boehringer Mannheim, Indianapolis). Genomic DNA from wild-type
and plc-4(jw1) worms was prepared by phenol/chloroform extrac-
tion, digested with HinDIII and separated on a 0.8% agarose gel. We
used the whole coding region of plc-4 (ampliﬁed using primers
NG586 and NG587), as a probe for hybridisation.
Confocal imaging
Worms were anaesthetised using 20 mM sodium azide in M9
buffer [38] prior to acquisition of images using a Leica SP5 confocal
microscope. All settings of the confocal microscope were maintainedduring an experiment to ensure that differences in ﬂuorescence
intensity between sample and control worms could be detected.
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